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Introduction 

As microcomputers attain a ubiquitous presence in precollege classrooms, science educators turn to software based 
££ an scientific models to help their students construct rich understandings of scientific concepts. In science, models 
00 are designed to imitate natural systems, capturing the essence of major components and mimicking their 
interactions (Komblugh and Little, 1976). The scientific endeavor itself has been described as a process of 
^ constructing models for their conceptual and predictive value (e.g., Stewart & Hafner, 1991 or Gilbert, 1991). 

Q Black argued long ago (1962) that understanding models should be integral to scientific practice; of particular value 
w in promoting learning are analog models that abstractly represent key structures or patterns of relationships within 
the modeled object (for example, ball-and-stick formations representing the crystalline structure of chemicals). 
Forrester (1968), who could rightly be called the father of dynamic (time-based) system modeling, claimed that 
creating and running dynamic models should help clarify one's own mental models and foster deeper understanding 
of complex systems. Gee (1978) noted the parallel between model -creation as a heuristic for scientific theory 
development and the model itself as a pedagogical tool for the intellectual growth of the learner. Recent science 
education reform efforts such as the American Association for the Advancement of Science's Project 2061 (1993) 
suggest that in pre-college classrooms, “Mathematical models and computer simulations are used in studying 
evidence from many sources in order to form a scientific account of the universe.” Computers, because of their 
computational speed and multi-representational capabilities, are particularly well suited to the implementation of 
dynamic models. Hence, the topic of this research review column is computer-based models in precollege 
classrooms. 



Table 1 lists terms and definitions associated with the rather broad phrase 'computer-based models,’ as used in this 
column. 'Running a simulation’ refers to operating or executing a computer program that is based upon a scientific 
model. 'Modeling' refers to the act of creating or revising a model; in other words, modeling is using a 'software 
modeling environment' to build models without having to learn to 'write a simulation program.' 




Term 


Meaning 


model 


a scientific construct designed to imitate a real-world phenomenon 


simulation 


a computer program based on a model 


writing a simulation program 


coding, testing, and debugging a simulation using a general purpose programming 
language 


running a simulation 


executing a simulation in order to observe its behavior and draw inferences about 
the phenomenon it models 


modeling 


the act of creating or revising a model 


modeling environments 


computer programs whose purpose is to allow the user to create computer-based 
models without actually writing a computer program 



Table 1. Terms associated with the phrase 'computer-based model’. 

Many simulations have been written specifically for precollege classroom use. In most of these simulations, 
students are restricted to varying parameters and observing effects— the underlying model is usually inaccessible. 
Allowing students to construct or revise models has been impracticable because few age- or ability-appropriate 
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modeling tools existed for precollege students. Today, however, newer and more learner-friendly software 
modeling environments enable students not only to examine how models work, but to construct models of their 
own. 

While both building models and running simulations are learning activities compatible with the constructivist 
perspective, each provides somewhat different learning opportunities. The skills necessary to create one's own 
model are quite different from those required to run a simulation based on someone else's model, as are the 
potential learning outcomes. Each of the three activities under consideration in this column (running simulations, 
creating simulation programs, and creating models) tends to support different research questions, because they vary 
according to cognitive demand (in the form of prior knowledge and skills required for the activity) and according to 
the kinds of operations that must be mastered in order to succeed. Table 2 is a simple attempt to elaborate upon the 
ways in which they differ. 



Type of Learning Activity 


Cognitive Demand 


Operations Students Must 
Master 


Running a simulation 


Scientific domain 


Domain-specific 


Creating a model using a modeling 
environment 


Scientific and modeling 
domains 


Domain plus generic modeling 


Creating simulation programs with 
general-purpose programming languages 


Scientific, modeling, and 
programming domains 


Domain plus modeling plus 
low-level programming 



Table 2. Levels of cognitive demand and abstraction of model-based learning activities. 

A simulation focuses attention on the reality it purports to model. Some researchers have observed student 
interactions with simulations to discover the extent to which the simulation's real-world-imitating behavior 
confronts students with their (mis)conceptions of reality. Other researchers have investigated students' 
problem-solving strategies as they solve problems using realistic simulation-generated data. Modeling, on the other 
hand, requires students to master modeling concepts, and may require substantial prior domain knowledge in order 
to build meaningful models. Researchers using modeling software have focused on issues such as the feasibility of 
having students construct models in classrooms, the understandings they construct about models and modeling, and 
the cognitive benefits of thinking about dynamic systems. Finally, in order to write a simulation program, students 
must be engaged at a high level of cognitive load since they must have some understanding not only of the domain 
and of modeling, but also of a programming language as well. Investigations of students writing simulation 
programs have been concerned with student learning and motivation in general. 

Few reviews of the literature on simulation and modeling research have been published, perhaps owing to the 
scarcity of studies, the difficulty of research, and the infancy of the field. In this column, I review recent studies 
(within the past 7 years) in terms of their contributions to the literature on computer-based models in precollege 
classrooms. Table 3 presents a summary of the work reviewed, in the order they appear in this column, organized 
into three categories: running simulations, modeling, and writing simulation programs. The table contains, for each 
study, the name of the software, the main purpose of the study, and its contribution to the literature. 



SoftwarerReference 


Study Purpose/Theory 


Study Contribution 


Running Simulations 






Bma (1987, 1991): DYNLAB 


Software presented a variety of 
situations which were expected to 
cause a student to confront 
discrepancies between their beliefs 
about motion and the behavior of their 
model 


The simulation provided 
opportunities for students to change 
their conceptual understanding and 
to articulate their new beliefs. 
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Gorsky & Finegold (1992): 5 force 
simulations 


Investigated the use of computer 
simulations to help restructure 
students' conceptions of force 


Simulations led to varying degrees 
of cognitive dissonance and were 
effective in eliciting students' 
beliefs about forces acting on 
objects at rest and in motion. 
Students who directly experienced 
the outcomes of their own 
misconceptions apparently rejected 
their incorrect views and accepted 
the scientific ones, at least in the 
context of the simulation. 


White (1993): ThinkerTools 


Described a physics motion simulation 
used in an inquiry curriculum, 
designed to help students develop 
conceptual knowledge 


Sixth graders performed much 
better on classic force & motion 
problems than high school students 
in traditional physics classes. 


Slack & Stewart (1990): GCK 


Explored individual students' 
problem-solving strategies and 
developed a model of student 
performance; GCK genetics simulation 
was used to present problems and data 
to students 


Students followed these strategies: 
unplanned approach (lack of 
hypotheses & testing strategy); 
working backward (explaining 
rather than predicting); and 
emphasizing quantitative counting 
and ratios. Students lacked 
problem-solving abilities and skills 
such as genotypic thinking and 
generational thinking. 


Hafner (1991); Stewart, Hafner, 
Johnson, & Finkel (1992): GCK 


Used GCK to investigate individual 
students' model-revising processes, 
general and domain-specific heuristics, 
and criteria for model acceptance 


Students engaged in model-revising 
problem-solving successfully, and 
were able to produce revisions 
which were generally compatible 
with accepted scientific theory. The 
simulation allowed students to 
engage in knowledge production, 
and significantly increased the 
amount of “research” they could 
do. 


Finkel (1993, 1994); Finkel & 
Stewart (1994): GCK 


Studied how model-revision strategies 
and knowledge were used as students 
worked in groups to solve genetics 
problems using the GCK simulation 


Students' strategies for model 
revision included a variety of 
actions such as recognizing 
anomalous aspects of the data, 
making crosses, and developing, 
assessing and accepting multiple 
alternative models. Students used 
their understanding of genetics, of 
the process of model revision, and 
of their own problem-solving 
strategies during model revision. 


Simmons & Lunetta (1993): 
CATLAB 


Explored general patterns of 
problem-solving behaviors and 
genetics conceptual organizers in 
experts and novices interacting with a 
genetics simulation 


Successful expert and novice 
problem solvers employed the most 
complex patterns of 
problem-solving behaviors, mainly 
using description problem-solving 
sequences; least successful 
employed random patterns of 
behaviors. 
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Ronen, Langley, and Ganiel (1992): 
STEP simulations 


Reported and analyzed a large scale 
integration of computerized 
simulations into the present structure 
of Israeli high schools 


Authors speculated that problems 
encountered were symptoms of 
problems which occur in systems in 
transition. They also suggested that 
real change can only occur after 
teachers experience the advantages 
offered by computer simulations. 


Kruper & Nelson (1991): Biota 


The software allowed students to 
construct meaning by providing 
opportunities to define problems, 
construct and test alternative 
hypotheses, and communicate 
subsequent evaluation of these 
hypotheses to peers 


They reported no significant 
differences on pre- and post-test 
between treatment and control 
groups on tests of science reasoning 
skills, however, there were 
differences between learning 
processes. They concluded that 
strategic simulations can offer 
students valuable experiences 
which help develop deeper content 
understanding. 


Feurzeig (1992): Cardio 


Provided an interactive visual 
environment for investigating the 
physiological behavior of the heart. 

The simulation incorporates process 
visualization aids in the introduction of 
model-based inquiry skills, and 
supports advanced work in science 
research 


Students were able to explain 
nonlinear dynamical behavior and 
to solve heart repair problems. 


Richards, Barowy & Levin (1992): 
Explorer Science 


Provided students with a coherent set 
of experiences that challenge the way 
they think about the world; provided 
opportunities to construct and test 
explanations for phenomena 


Students developed a sense of how 
scientists use models. Authors 
reported that student interaction 
with simulated models facilitated 
analysis and conceptual 
understanding of physical 
phenomena. 


Creating Models 






Jackson, Stratford, Krajcik, and 
Soloway (1995): Model-It 


Described intentional scaffolding 
strategies designed to make system 
dynamics modeling accessible to 
pre-college students 


Students built reasonable models; 
software strategies made modeling 
accessible; building models allowed 
students to refine and articulate 
their understanding of complex 
systems. 


Mandinach (1988): STELLA 


Investigated the effectiveness of using 
STELLA in the systems-thinking 
curricula 


Students tested well on their 
knowledge of STELLA, but were 
less able to translate knowledge and 
skills to more general problems. 


Mandinach (1989): STELLA 


Tested the potentials and effects of 
using STELLA to teach 
content-specific knowledge as well as 
general problem solving skills 


Students acquired knowledge of 
systems concepts and applied them 
to scientific problems at varying 
levels of complexity and 
sophistication. 


Mandinach & Cline (1992): STELLA 


Examined the impact of learning from 
a systems thinking approach to 
instruction and from using 
simulation-modeling software 


The authors concluded from their 
experiences and' observations that 
gaining a working knowledge of 
system dynamics, STELLA 
software, and the Macintosh is 
substantially different from 
acquiring information within a 
content area of expertise. 
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Miller, Ogbom, Briggs, Brough, 
Bliss, Boohan, Brosnan, Mellar, and 
Sakonidis (1993): IQON 


Authors described the design of and 
rationale for modeling tools that are 
claimed to be simple enough for young 
teenaged students (grade 8) to learn 


Pupils built meaningful models of 
considerable complexity and 
contributed ideas about the relation 
of IQON models to reality. Authors 
observed that students began to 
understand complex models as 
interconnected systems. Pupils 
constructing models saw their 
models as fallible, tended to 
consider revisions, and made more 
interesting modifications than those 
who were simply exploring 
pre-defined models. 


Schecker (1993): STELLA 


Research focused on having students 
develop and test models with 
STELLA; author suggested that 
modelling can help to accentuate the 
conceptual structure of a physical 
domain and help clarify the qualitative 
meaning of physical concepts 


It took about 2 instructional units 
for students to become familiar 
with software to make models on 
their own, after which they were 
able to work out model structures 
themselves in classroom 
discussions or work groups. 


Creating Simulation Programs 






diSessa (1991): Boxer 


Investigated ways in which sixth grade 
students invented ways of working on 
difficult problems 


Students engaged in 
student-initiated learning (they 
learned to “cheat” at the simulation 
in order to solve difficult 
problems). 


Fuertzeig (1992): Function Machines 


Investigated the use and benefits of 
visualization in model-based inquiry 
activities 


The author suggested that 
appropriate computer modeling 
activities can make the experience 
of doing science concrete and 
highly motivating for high school 
students. 


Guzdial (1995): EMILE 


Created a scaffolded environment in 
which helped students to create 
physics simulations in HyperCard 
without learning to program first 


Students learned about 
programming, and learned physics 
concepts (velocity, acceleration, 
projectile motion) through creating 
simulations in HyperCard. 



Table 3. Studies of computer-based modeling within the past 7 years. 

Review of Research 



Investigations of Running Simulations 



The computer's ability to model Newtonian motion has prompted several researchers to study how student 
interactions with simulations might lead to conceptual change. Bma (1987, 1991), Gorsky and Finegold (1992) and 
White (1993) all suggested, using varying terminology, that computer simulations can help students identify and 
revise scientifically inconsistent conceptual understandings. 



• Bma (1987, 1991) reported on research using DYNLAB dynamics and kinematics simulation software. In these 
studies, the researcher designed a set of physical situations which would create conceptual difficulties for the 
students, on the assumption that learning is promoted through confronting students with inconsistencies in their 
beliefs. In DYNLAB, students guide an object through a pre-determined path by giving the object a series of 
instructions. In the 1987 study, students took a pre-test on kinematics, received instruction on the operation of the 
software, and then worked for up to 2 hours to solve one or more of the pre-test problems with DYNLAB, whereas 
the 1991 study presented a single case study of student problem solving. Bma reported, using anecdotal data, that 
in the course of using the software, students were confronted with their misconceptions, and some of these 
confrontations were resolved. He also indicated that those who took advantage of the confrontations were often the 




hltp://hi ce.org/hiceoHice/papers/papers/review_o1_computerbased_model/index.html 



fi 



Thursday, *May 25, 2000 



Page: 6 



ones who were eventually able to articulate their own beliefs. The author conjectured that one benefit of DYNLAB 
was that it could help teachers distinguish between students with Newtonian beliefs and those with non-Newtonian 
beliefs. 

• Gorsky and Finegold (1992) used a series of simulations involving forces on objects (e.g. book at rest on table, 
pendulum bob at rest, book sliding on frictionless table) in which students could indicate directions of forces on the 
object, and then watch the resulting action. The behavior of the object might be incompatible with real world 
behavior, and these “discrepant events” generate cognitive dissonance. The researchers found that simulations led 
to varying degrees of cognitive dissonance and were effective in eliciting students' beliefs about forces acting on 
objects at rest and in motion. They also indicated that students who directly experienced the outcomes of their own 
misconceptions apparently rejected their incorrect views and accepted the scientific ones, at least in the context of 
the simulation. They hypothesized that using such simulations prior to classroom instruction may help teachers deal 
with students and their beliefs on an individual basis. 

• White’s (1993) ThinkerTools curriculum features a series of force-and-motion computer microworlds embedded in 
a sixth-grade curriculum of science inquiry. (I discuss the inquiry curriculum below.) Each microworld has a goal; 
for example, one goal might be to get a dot to hit a target with a given velocity. She hypothesized that in order for 
students to gain scientifically sound conceptual models of force and motion, students' knowledge must not only 
undergo a change in form but also in content, a process of conceptual change facilitated by the software. The 
curriculum and software was used with two sixth grade science classes for two months. On a final test of 
conceptual physics knowledge, the sixth graders in the treatment group performed better on classic force and 
motion problems than other sixth graders who did not receive the curriculum treatment and better than high school 
students in traditional physics classrooms. 

Simulations based on genetics models can generate realistic problems for students to solve and realistic data for 
them to analyze. A number of papers (Slack & Stewart, 1990; Stewart & Hafner, 1991; Hafner, 1991; Stewart, 
Hafner, Johnson, and Finkel, 1992; Finkel, 1993 & 1994; Finkel and Stewart, 1994; and Simmons and Lunetta, 
1993) described systematic investigations into identifying students’ problem-solving behaviors while using genetics 
simulations. 

• Slack and Stewart (1990) used the Genetics Construction Kit (Jungck & Calley, 1993) to add to understanding of 
individual students' problem-solving strategies and to develop a model of student performance. The Genetics 
Construction Kit (GCK) simulates the Mendelian genetics model; however, it should more accurately be called a 
strategic simulation (Jungck & Calley, 1985) because decisions as to which organisms to cross are fully under the 
control of the user, not time-based and computer-controlled. In Slack and Stewart's study, thirty-five students 
solved genetics problems which required them to reason from effects (phenotype data) to causes (genotype data); 
data consisted of think-aloud protocols and computer-generated information on the problems presented and crosses 
performed. The authors reported that students followed these problem-solving strategies: an unplanned approach 
(lack of hypotheses and testing strategy), a working backward approach (explaining rather than predicting), and an 
approach emphasizing quantitative counting and ratios. Students lacked problem-solving abilities and skills such as 
genotypic thinking and generational thinking, focusing instead on phenotypical interpretations of data. The authors 
concluded that computer simulations which provide a realistic problem-solving environment are still not sufficient 
to elicit good problem-solving skills because the simulation does not help students develop connections between 
conceptual knowledge and problem-solving strategies. They provided a number of recommendations for genetics 
instructional design, such as explicitly teaching hypothesis generation and testing strategies and presenting genetics 
concepts and principles so that relationships between concepts are obvious. 

• In Hafner (1991) and Stewart, Hafner, Johnson, and Finkel (1992) the authors described a high school course in 
which students solved genetics problems over an extended time period using GCK. They set out to describe 
individual students' model-revising processes, the general and domain-specific heuristics they used, and the criteria 
they used to decide if a model is acceptable. Six students used GCK to solve up to seven different kinds of genetics 
problems; students were asked to think aloud as they worked. The researchers found that students were able to 
engage in model-revising problem solving successfully and were able, starting with simple models, to produce 
revisions of increasing complexity that were generally compatible with accepted scientific theory. The authors 
claimed that one advantage of simulations such as GCK is that it allows students to engage in knowledge 
production in the classroom, significantly increasing the amount of “research” they can do, as compared to actually 
crossing fruit flies in the laboratory and observing their offspring. 

• Finkel (1993, 1994) and Finkel and Stewart (1994) observed groups of students, also solving problems with 
GCK. The genetics problems posed by the computer required effect-to-cause reasoning; i.e. the outcome of a cross 
was presented to the students, and they worked to revise the Mendelian model to explain anomalous data. Of 

O http://hi-ce.org/hiceoffic0/pap0rs/pap0rs/r0vi0w_ot_computerba8ed_mod0l/ind0x.html 

ERIC 



Page: 7 



Thursday.* May 25. 2000 

interest were students' model-revising problem-solving strategies. Finkel found that students' model-revision 
processes included actions such as recognizing anomalous aspects of the data, making crosses, and developing, 
assessing and accepting multiple alternative models. In addition, she reported that students used their knowledge of 
genetics, knowledge of model -revising process, and knowledge of their own problem-solving strategies during 
model-revising problem-solving. 

• Simmons and Lunetta (1993) explored the general patterns of problem-solving behaviors and genetics conceptual 
organizers in experts and novices interacting with a computer simulation called CATLAB. CATLAB is a genetics 
simulation that requires students to generate questions and hypotheses, choose control variables, gather and 
interpret generated data, and make inferences and draw conclusions. The researchers asked 3 experts and 10 high 
school biology students to solve genetics problems with the software. They found that successful problem solvers 
employed the most complex patterns of problem-solving behaviors, principally using description problem-solving 
sequences; the least successful problem solvers employed random patterns of behaviors. 

Two studies discussed curricular concerns related to using computer-based models in the classroom. Both White 
(1993) and Ronen, Langley, and Ganiel (1992) emphasized the important role of the teacher in their classroom 
curriculum innovations. 

• White (1993) integrated the ThinkerTools software into an instructional cycle which consisted of a four phases: 
motivation, model evolution, formalization, and transfer. Each phase involved collaboration and discussion, 
sometimes in small groups at the computer, sometimes as a class with the teacher leading. In the motivation phase, 
students predicted outcomes of simple real-world force and motion situations. Then, in the model evolution phase, 
they performed experiments in a computer microworld designed to mimic the real-world situation. Students next 
constructed laws to describe the behavior of the microworld during the formalization phase. Finally, in the transfer 
phase, students applied their formalized law to see how well it predicted the behavior of the initial real-world 
situation. They also conducted experiments to verify their predictions (and also to compare its behavior to the 
microworld's behavior). The author suggested that in order for this inquiry-based curriculum to be successful, 
teachers must understand the inquiry process and the purpose of each activity in order to scaffold students' 
discussion and collaboration activities. 

• Ronen, Langley, and Ganiel (1992) reported on a curriculum project in Israel to integrate the STEP simulations 
into 18 schools (18 teachers, 50 physics classrooms, 300 lessons). They evaluated the success of their efforts using 
teacher-generated reports on the results of each lesson, teacher and student final assessments, and reports on class 
observations and personal interviews. Teachers felt the simulations contributed favorably to the subject matter, and 
improved student interest and involvement. However, there was no agreement as to the best use of simulations in 
the classroom: teachers suggested that simulations could be used for a wide variety of purposes: “initial subject 
presentation,” “exploration during teaching,” “drill and practice,” “assisting laboratory work,” or “summary and 
review.” Most students felt the simulation contributed toward a better understanding of the subject. However, the 
researchers reported that the implementation was hindered by logistic difficulties (e.g. many computers were 
located in computer labs not science classrooms), by time and program constraints (e.g. teachers were reluctant to 
take time away from students' preparation for final examinations), and psychological/didactical issues (e.g. teachers 
used the simulation for canned demonstrations instead of student inquiry and exploration). The authors suggested 
that many of these problems were only superficial excuses, symptoms of deeper problems related to an educational 
system in undergoing change. They suggested that in order for change to occur, teachers must realize the 
computer's potential and limitations; the key to helping teachers realize this is to provide opportunities for them to 
personally experience the advantages of these new tools over existing methods. 

Finally, three studies reported results on student understanding of scientific concepts. Two of these studies 
investigated the pairing of real-world demonstrations with corresponding simulations. Kruper and Nelson (1991) 
reported that they found very little difference in science reasoning skills between those using simulations and those 
not, while Richards, Barowy and Levin (1992), on the other hand, reported that tightly coupling a real-world 
demonstration with a simulation helped students learn about modeling and about science content. 

• Kruper and Nelson (1991) reported on a biology laboratory study using Biota, another BioQUEST simulation 
(Jungck & Calley, 1993). Biota is a strategic simulation of processes influencing sizes of plant and animal 
populations. They compared students in the traditional “wet lab” environment with the simulation environment, and 
focused on the development of science reasoning skills and on differences in the learning environments. They 
found that students in the Biota lab were able to collect, analyze and interpret data several times in the same time it 
took the wet lab group to perform one experiment. They reported no significant differences on pre- and post-test 
between treatment and control groups on tests of science reasoning skills, and suggest that simulations such as 
Biota are most effective when they are used as part of a progressively deeper domain study rather than in an 
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isolated 2-hour laboratory session. 

• Feurzeig (1992) described a simulation called Cardio, which provides an interactive visual environment for 
investigating the physiological behavior of the heart, while enabling students to gain insight into the dynamics of 
oscillatory processes. Students explored the simulation, then engaged in several problem-solving activities. 

Feurzeig reported that students were able to explain nonlinear dynamical behavior of the heart without being 
explicitly instructed on the phenomena and were also able to solve heart repair problems. 

• Richards, Barowy, and Levin (1992) reported a formative evaluation on a simulation called Explorer, an 
interactive environment which uses animated computer models and incorporates data analysis tools (the 
environment includes graphs, spreadsheets, scripting, and interactive tools). In classroom user testing, students 
compared the behavior of simulated bouncing balls with the behavior of actual physical balls. Using anecdotal data, 
they reported that by tightly coupling real-world observations with simulations, students were able to investigate a 
phenomenon in ways which would otherwise be beyond the scope and abilities of high school students. 

Overall, the literature reviewed here indicates that simulations are useful in confronting students with their 
misconceptions in order to promote conceptual change. Investigations into the extent to which simulations can 
affect students’ acquisition of conceptual knowledge appear to be promising. Simulations also appear to be useful 
tools in investigations of students' problem-solving strategies and behaviors. Finally, the literature indicates that 
simulations can be effectively integrated into appropriate theory-building and inquiry activities, although 
large-scale integration into school systems has proven to be difficult. 

Investigations of Modeling 

A number of studies have emphasized that software can be used to make modeling “accessible” to students in 
precollege classrooms. Miller, Ogbom, Briggs, Brough, Bliss, Boohan, Brosnan, Mellar, and Sakonidis (IQON; 
1993), Schecker (STELLA; 1993), and Jackson, Stratford, Krajcik, and Soloway (Model-It; 1995) all claim that 
modeling environments make model creation more accessible to students, especially in contrast to previously 
available software that is designed for experts, hard to use, or lacking a user-friendly interface. 

• Jackson et al. (1995a, 1995b) reported on software called Model-It, a modeling environment based upon 
ecological modeling techniques (Silvert, 1993). The environment provides software-implemented scaffolding 
intended to ground model building tasks in students' prior knowledge and to bridge their understanding of models 
toward more abstract and formalized representations. Also, its model-testing capabilities facilitate a close coupling 
between students' mental models of a phenomenon and how the model's behavior is displayed. Twenty-two students 
in a project-based science classroom received four days of training and then constructed models for one day. The 
authors presented qualitative data to show that (1) software-realized scaffolding provided by the software supported 
model construction, and (2) students created meaningful ecological models of reasonable sophistication and 
complexity for their grade level. 

Several studies of student modeling reported on the effects of modeling environments on student learning. 
Mandinach and Cline (1988, 1989, 1992, 1994) and Schecker (1993) investigated the impact of curricular 
innovation involving systems thinking and the STELLA modeling software on student learning and transfer. Miller 
et al. (1993) described several different modeling tools and presented results on students' reasoning skills. 

• In one of the longer-running research efforts involving student modeling, Mandinach and Cline (1994) have 
engaged in an investigation of the dynamics of implementing a technology-based learning environment centered 
around systems thinking using STELLA (e.g. Roberts et al., 1983 or High Performance Systems, 1992). STELLA 
is a Macintosh-based tool for constructing system dynamics models (Forrester, 1968; High Performance Systems, 
1992). Early research goals focused on students' mastery of systems thinking, on the potential impact of systems 
thinking upon learning outcomes and transfer, and on the effectiveness of STELLA as a learning tool. They 
concluded (Mandinach, 1988) that systems thinking and STELLA affected learning and teaching activities, but in 
different ways for different teachers and disciplines. They reported inconclusive results on learning and transfer: 
students performed well on assessments of knowledge of STELLA, but seemed less able to transfer their 
knowledge to other domains. A later study (Mandinach, 1989) reported that students, having experienced the 
systems thinking curriculum and used STELLA, were able to apply knowledge of systems concepts to scientific 
problems of varying complexity and sophistication, but concluded that additional curriculum development was 
needed. 

• Miller et al. (1993) discussed a semi-quantitative modeling program called IQON. Semi-quantitative modeling 
differs from quantitative modeling in that variables might be ordered in terms of “positive,” “low,” or “increasing,” 
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and relationships might be characterized as “strong positive” or “weak immediate,” rather than strictly 
quantitatively. (They also reported on several other tools they have developed which support quantitative and 
qualitative modeling.) Of interest in this study was whether these modeling tools could facilitate students' reasoning 
skills, both by using others' models and by creating their own. In a formative data analysis, they reported that 
students were able to use sophisticated causal reasoning in their models and were able to begin thinking about 
complex feedback systems. 

• Schecker (1993) reported a study in which students enrolled in an eleventh grade mechanics course used STELLA 
in over one-fourth of the course lessons. Models were developed in class from scratch. Schecker posited that 
system dynamics modeling focuses on developing and testing a model (as opposed to simulation which focuses on 
exploring the consequences of varying initial values), and that modelling can help to accentuate the conceptual 
structure of a physical domain. He reported that it took at least 2 units before students were familiar with the 
software and systems thinking, after which they were able to work out model structures themselves in classroom 
discussions or work groups. He suggested (without empirical results) that icon-oriented modeling environments can 
help to accentuate the conceptual structure of a physical domain for students. 

Studies on student-created models indicates that modeling can be made accessible to precollege students using 
carefully designed modeling environments such as Model-It, IQON, and STELLA. Most findings are preliminary; 
there are still many things to be learned about the place of modeling in the precollege curriculum. 

Investigations of Writing Simulation Programs 

Most of the literature exploring students writing simulation programs involves the question of what students learn 
by creating a model using a computer programming language. The Journal of Mathematical Behavior devoted an 
entire issue (1991, vol. 10, issue 1) to Boxer, a programming language which allows students to easily create 
simulation programs to solve problems involving motion. Feurzeig (1992) and Guzdial (1995) each described 
programming environments which allow students to write simulations by providing them with support for 
programming or for inquiry. 

• diSessa (1991) reported on Boxer, a multipurpose computational medium allowing creation of hypertext, dynamic 
and interactive graphics, databases, and programs within a consistent, easily learned framework. Ploger (1991), 
diSessa, Abelson and Ploger (1991), and Adams and diSessa (1991) described various aspects of learning to 
program in Boxer. The Adams and diSessa article described students' investigations of a motion-simulating 
microworld. Anecdotal evidence showed that during the course of these investigations, students engaged in an 
interesting form of student-initiated leaming-they learned to “cheat” at the simulation in order to solve difficult 
problems by directly programming objects in the microworld. 

• Feurzeig (1992) described a visual programming language called Function Machines, which uses iconic 
representations of “programs. ” It was designed to support mathematical exploration and inquiry. The purpose of 
the study was to investigate the use and benefit of visualization tools on students' inquiry activities. He reported 
that appropriate computer modeling activities made the experience of doing science with Function Machines 
concrete and highly motivating for high school students. No empirical results on student learning are reported, 
however. 

• A study by Guzdial (1995) described the creation of a scaffolded programming environment called EMILE that 
enables students to create physics models and run simulations with HyperCard without necessarily learning the 
HyperCard programming language. The software -realized scaffolding was designed support model-creation and 
student learning by eliciting articulation from, coaching, and communicating process to the learner. Guzdial 
reported that by creating models, students learned programming techniques and gained knowledge of physics 
concepts (e.g. velocity, acceleration, and projectile motion). 

In summary, the few studies of student-programmed simulations reviewed indicate that students who use 
appropriately designed programming environments appear motivated, learn programming skills, gain conceptual 
knowledge, and engage in student-initiated learning. 

Future directions 

There is no firm consensus yet as to all the benefits which might accrue to learners as a result of running 
simulations or constructing models. Neither is there agreement as to which instructional strategies might make the 
most effective use of computer-based models. Many of the studies reviewed consisted of user testing reports, 
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case-based analyses, or formative research into the learning benefits of simulation and modeling. Most were 
conducted with high school students. Some involved a rather short treatment duration or were conducted outside of 
the science classroom in a clinical setting. There are examples, however, of promising, ongoing classroom-based 
research inquiry in which one study clearly built upon the work of another, notably the investigations using 
STELLA, GCK, and Boxer. The relative scarcity of research into computer-based models is probably due to 
several factors: the relatively recent introduction of the microcomputer into classroom use, the lack of generally 
available and easy-to-use models and modeling environments, the difficulty of collecting and analyzing data 
generated by students engaged in these kinds of activities, and the huge investment of time and effort involved in 
designing and implementing model-based software and research. Consequently, there are many possible fruitful 
directions for future research. 

• First, a great deal remains to be understood about the ways in which students construct understandings of natural 
phenomena when engaged in making models or running simulations. For instance, in simulations, what kinds of 
simulation exploration strategies do students follow? What misconceptions might they form as a result of a 
simulation's necessary simplifications of reality? Do understandings of the simulation's representation of reality 
transfer to the real world, and if so, what circumstances promote such transfer? In modeling, what kinds of models 
can students really construct, and what can we infer from their models about their understanding of complex 
systems? What do students learn about a phenomena by creating a model of it, and what prior knowledge is 
necessary for the creation? In both modeling and simulation: What are the relationships between simulations, 
students' mental models, and student-constructed models? When interacting with computer-based models, what do 
students come to understand about the nature of models and the modeling process? What confidence do students 
place in the reliability and validity of simulations or of the models they themselves construct? Answers to these 
questions should inform software design, curriculum decisions, and pedagogical practices in science classrooms. 

• Second, we need studies which investigate how simulations and modeling environments can be designed in order 
to effectively support student learning. Such studies might focus efforts upon interface and data representation 
techniques that prove to be the most useful, accessible and engaging to students and teachers. They would also help 
us understand how learning environments might accommodate diverse learning styles and preferences. 

• Third, we need more large-scale, long-term studies of modeling and simulation in real classrooms in order to 
assess the influences of the various model-investigation activities on teacher attitudes and practices. Such 
implementations would help identify the problems that innovators of technology-based reforms encounter and 
solve. 

• Fourth, we need investigations into the ways model-based inquiry affects students' attitudes toward science 
(Stratford & Finkel, 1995), their motivation for studying science, and their understanding of science as inquiry. 

• Finally, we need studies which examine the relationship between data collected in real world and data generated 
by simulations or student-created models, in order to sort out issues of model accuracy, validation, and usefulness. 
For example, microcomputer-based laboratories (MBLs) might be coupled with computer simulations in an inquiry 
framework. This would help us with the larger question of how running simulations and building models might 
help students understand the role models play in authentic scientific inquiry and professional practice. 

The field is wide open for exploring modeling and simulation in precollege classrooms, and preliminary results are 
promising. First, learner interactions with models of real world phenomena seem to provide opportunities for 
students to confront misconceptions and for researchers to learn more about students' problem solving skills and 
strategies. Second, running simulations and creating models appear to help students construct understandings of 
both science content knowledge and modeling process knowledge. Finally, systems thinking in general and system 
dynamics-based model-creation environments in particular may help students acquire useful conceptual knowledge 
and analysis skills. 
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